We present the discovery of KELT J072709+072007 (HD 58730), a very low mass ratio (q ≡ M 2 /M 1 ≈ 0.08) eclipsing binary (EB) identified by the Kilodegree Extremely Little Telescope (KELT) survey. We present the discovery light curve and perform a global analysis of four high-precision ground-based light curves, the Transiting Exoplanets Survey Satellite (TESS) light curve, radial velocity (RV) measurements, Doppler Tomography (DT) measurements, and the broad-band spectral energy distribution (SED). Results from the global analysis are consistent with a fully convective (M 2 = 0.253 +0.021 −0.017 M ) M star transiting a late-B primary (M 1 = 3.348 +0.057 −0.082 M ; T eff,1 = 12000 +580 −530 K). We infer that the system is younger than 272 Myr (3σ), and the M star mass and radius are consistent with values from a pre-main sequence isochrone of comparable age. We separately and analytically fit for the variability in the out-of-eclipse TESS phase curve, finding good agreement between these results and those from the global analysis. Such systems are valuable for testing theories of binary star formation and understanding how the environment of a star in a close-but-detached binary affects its physical properties. In particular, we examine how a star's properties in such a binary might differ from the properties it would have in isolation.
INTRODUCTION
Surveying binary stars and characterizing their masses, radii, orbital periods/separations, and orbital eccentricities can tell us about how intermediate-mass stars and their lower-mass companions form and evolve, as well as whether different formation mechanisms dominate different regions of parameter space. Recent studies of high-mass ( 10 M ) star formation have demonstrated that fragmentation of a massive protostar's disk can lead to the formation of lowmass stars and brown dwarf companions (hereafter extreme mass ratio binaries, or EMRBs) with 10-100 au orbital separations. Episodic accretion onto the protostar, with long intra-burst periods, catalyzes the formation of a low-mass stellar companion (Stamatellos et al. 2011) . Episodic accretion onto young protostars appears to be a common occurrence as observed in the FU Orionis class of FGK stars (e.g. Herbig 1977; Dopita 1978; Reipurth 1989; Greene et al. 2008; Peneva et al. 2010 ; see also Hartmann & Kenyon 1996 for a review). However, these efforts have neither focused on more massive (3 − 10 M ) primary stars nor explored stars in binaries with orbital separations below ∼ 10 au.
There have been recent efforts to discover and characterize EMRBs. Gullikson & Dodson-Robinson (2013) developed the direct spectral detection method, which is sensitive to binaries with mass ratios above q ≈ 0.1 and small projected separations due to the lack of an inner working angle. They applied it to identify G-and K-type companions to early B-type stars. Gullikson et al. (2016) applied this technique to 341 B and A stars, estimating a survey completeness of 20 − 30% at a mass ratio q ∼ 0.05. Evans et al. (2002) found potential low-mass (here, M 1.4 M ) companions to late B-type stars by looking for coincident X-ray detections, arguing that late B-type stars are typically X-ray quiet (excluding magnetic chemically peculiar stars) and so any detected X-ray flux would be emitted by an active, lower-mass companion.
Similarly, the Volume-limited A-Star (VAST) survey (De Rosa et al. 2011) identified EMRB candidates via AO imaging followup of intermediate-mass stars with coincident X-ray detections in ROSAT data (Voges et al. 1999) . VAST also identified EMRBs and EMRB candidates via common proper motion and AO orbital analyses (De Rosa et al. 2014) . The typical projected separation scale of the AOdetected binaries is 10 − 10 4 au. Moe & Di Stefano (2015) found 18 young ( 8 Myr) eclipsing EMRBs consisting of early-B type primaries and G/K-type companions on short (P ≈ 3 − 18 d) orbits in the Large Magellanic Cloud. Using this sample, they infer that 2 ± 6% of B-type stars have short-period companions with 0.06 q 0.25. Their sample does not include any B-M binaries, but we can infer that such systems are equally rare.
Finding very short-period (P 10 days), very-low-mass (M2 0.3 M ) companions to main-sequence intermediatemass stars proves difficult for a number of reasons. In such binaries, the M dwarf contributes negligibly to the total flux: in a B8V-M3V binary with q ≈ 0.1, the M dwarf contributes 0.1% of the bolometric flux; the contribution is lower in optical wavelengths. As such, the aforementioned methods to survey intermediate-mass stars for dim companions cannot probe both small separations ( 10 au) and very low flux ratios (corresponding to low mass ratios).
In particular, spectroscopic detections of such binaries are hindered by a few additional complications. Intermediate-mass main-sequence stars are often rapidly rotating. These stars lie above the Kraft break, roughly T eff ∼ 6250 K (Kraft 1967) , where they no longer have thick convective envelopes, leading to weaker magnetic braking of the stellar rotation. This lack of spin-down leads to rapid rotation of the star throughout its lifetime. The high rotation rates significantly broaden the primary star's few strong spectral lines; a low-mass stellar companion can still be identified by high-amplitude, periodic variations in the primary star's radial velocity (RV), but the rotational broadening and paucity of absorption lines diminishes the achievable precision.
Exoplanet transit surveys offer one promising way of identifying low mass-ratio eclipsing binaries (EBs). Since the radius of a late-M dwarf is approximately the same size as a Jupiter planet analogue, and since the transit depth is proportional to the companion-to-primary radius ratio, both planetary and late-type stellar companions would produce comparable transit/eclipse signals around an intermediatemass host star. RV follow-up would then be required to identify the system as a stellar binary. The Eclipsing Binaries with Low Mass (EBLM) project out of the Wide-Angle Search for Planets (WASP) survey (Triaud et al. 2013; Gómez Maqueo Chew et al. 2014; Triaud et al. 2017 ) has characterized over 100 single-lined EBs, including a handful of EMRBs (von Boetticher et al. 2019 ) such as EBLM J0555-57 (von Boetticher et al. 2017) . However, only a couple of these EBLMs have primary stars whose effective temperatures are consistent with the A spectral type, and none that fall in the B spectral type effective temperature range, likely due in part to the aforementioned observational difficulties. Thus, new discoveries of EMRBs with intermediatemass primary stars can add substantially to our knowledge of these systems.
Although the previously mentioned challenge of measuring precise RVs for rapidly rotating stars becomes even more difficult when trying to measure the smaller RV signal induced by a planetary-mass companion, there have been an increasing number of confirmations of planets transiting very rapidly rotating stars through the use of Doppler Tomography (DT), in which the transit-induced perturbation to the rotationally broadened spectral line profile is resolved spectroscopically (e.g. Collier Cameron et al. 2010; Bieryla et al. 2015) . We list the confirmed planets around rapid rotators (v sin I * > 70 km/s) with DT, or spectroscopic transit, observations in Table 1 . This recent focus on obtaining detailed spectroscopic follow-up observations of transitidentified planet candidates around hot stars demonstrates the planet-hunting community's sensitivity to low-mass stellar companions around hot, intermediate-mass stars and the promise of using existing transit surveys and their follow-up infrastructures to find and characterize them.
In this paper, we present the discovery and characterization of KELT J072709+072007, an EB consisting of a late-B type primary and an M-type companion with a short, 3.6day orbital period. We describe the discovery along with our light curve, RV, DT, and adaptive optics (AO) observations in Section 2. We present the physical characterization of the system using these observations, broad-band flux measurements, and stellar models in Section 3.1. We discuss KELT J072709+072007's significance in the context of intermediate mass-low mass stellar binaries in Section 4.
DISCOVERY AND FOLLOW-UP OBSERVATIONS

KELT-South and KELT-North
KELT J072709+072007 (α = 07 h 27 m 09 s 40, δ = +07 • 20 07. 40; J2000) lies in the KELT field KJ06 (α = 7 h 40 m 12 s , δ = +3 • ; J2000), which was observed jointly Siverd et al. (2012) and Kuhn et al. (2016) , respectively, and the planet candidate selection routines described in Collins et al. (2018) , we identified KELT J072709+072007 as a transiting planet candidate. We also identified KELT J072709+072007 as part of a focused search for planets around hot stars, processing the light curves as described in Zhou et al. (2016) . We found a period of about 3.6 d, a 5.6 hr transit duration, and a 7 mmag primary transit depth for the planet candidate.
The combined KELT-North and KELT-South discovery light curve, phased-folded on the best-fit ephemeris, is shown in Figure 1 . Due to KELT's pixel scale -23 arcseconds per pixel -the KELT light curves are susceptible to dilution from neighboring stars that fall within the aperture used, and thus we do not include it in our global analysis.
The broadband magnitudes and other stellar properties are listed in Table 2 .
Photometric Follow-up
We obtained four higher precision and higher spatial resolution photometric follow-up observations of KELT J072709+072007 from the KELT Follow-up Network (KELT-FUN; Collins et al. 2018 ). These datasets are uniformly reduced using AstroImageJ (Collins et al. 2016) . We present these light curves in Figure 2 . A description of each observatory is below.
KeplerCam
We observed one full transit in the i band and one partial transit in the z band with KeplerCam on the 1.2m telescope at the Fred Lawrence Whipple Observatory (FLWO) on UT 2015 Feb 11 and 2017 Feb 08, respectively. KeplerCam has a single 4K × 4K Fairchild CCD with 0.366 arcsec/pixel and a field of view of 23 . Relative Flux Figure 1 . The discovery light curve from the KELT survey. The grey points show the discovery light curve; the black points show the same data, binned at intervals of 0.0025 in phase. The KELT discovery dataset was not used to constrain the planet parameters in the global fit (Section 3.1). The transit depth from the discovery light curves are diluted due to the application of TFA, which acts to dampen any modulation in the light curve.
Las Cumbres Observatory (LCO)
We observed a full transit in the i filter with the 0.4-m LCO telescope at Cerro Tololo (Brown et al. 2013 NOTES * U is positive in the direction of the Galactic Center. † Corrected for the 0.0820 ± 0.033 mas systematic offset found by Stassun & Torres (2018) .
Apertures were drawn around the target star encompassing pixels with fluxes brighter than 68% of the surrounding background pixels.
The detrended and phase-folded TESS light curve is shown in Figure 3 . The light curve reveals flux variations in-phase with the orbital period, as well as a ∼ 1 mmag secondary eclipse centered at phase 0.5. The detrended light curve is used in the global modeling of the system described in Section 3.1.
Spectroscopic Follow-up
A series of spectroscopic follow-up observations were performed to characterize the atmospheric properties and RV variations of KELT J072709+072007. The observations are described in more detail below. The RVs used in the RVorbit fit in Section 3.1 are presented in Table 3 .
WiFeS
Four spectra of KELT J072709+072007 were taken using the Wide Field Spectrograph (WiFeS; Dopita et al. 2010 on the Australian National University's (ANU) 2.3m telescope at Siding Spring Observatory, Australia. WiFeS is an image slicer integral field spectrograph, with a spatial resolution of 1 per spatial pixel in the 2 × 2 bin mode. Our observing strategy, reduction, and analyses techniques are detailed in full in (Bayliss et al. 2013; Zhou et al. 2016) . The observations revealed an early-type star with rapid rotation. No radial velocity variation > 10 km s −1 was noted, but the constraints on the stellar properties and radial velocity were poor due to the rapid rotation of the host star.
TRES
We obtained 11 R = 44000 spectra and RVs of KELT J072709+072007 with the Tillinghast Reflector Echelle Spectrograph (TRES; Fűrész 2008) on the 1.5m Tillinghast Reflector at the Fred L. Whipple Observatory (FLWO) on Mt. Hopkins, Arizona. The first spectrum -a reconnaissance spectrum -was taken on UT 2015 Mar 4, with a 150-s exposure that achieved a signal-to-noise ratio of 49.1 per resolution element over the Mg b lines; the other 10 spectra, listed in Table 3 , were taken between UT 2018 Jan 17-27 with 1200 s to 3000 s exposures, reaching signal-to-noise ratios of ∼ 120 per resolution element over Mg b. We reduced the spectra following Buchhave et al. (2010) . Radial velocities were derived from these observations by modeling the stellar line profiles with a least-squares deconvolution (LSD) analysis (Donati et al. 1997) . We found that modeling the LSD stellar line profile yielded more reliable radial velocities than other cross correlation techniques for rapidly rotating stars.
Spectroscopic transits of KELT J072709+072007B were also obtained on 2016 Mar 1 and 2016 Mar 19 (UT), with 26 and 24 exposures, respectively, on the two nights. However, the decreased line profile strength due to rapid rotation led to null detections of the spectroscopic transit. We excluded these data from our global analysis.
McDonald Observatory
We obtained 14 spectra of KELT J072709+072007 using the Robert G. Tull Echelle Spectrograph (Tull et al. 1995 ) on the 2.7 m Harlan J. Smith Telescope at McDonald Observatory on Mt. Locke, Texas. We obtained the spectra using the TS23 spectrograph configuration, giving a resolving power of R = 60000 over 3570 to 10200Å. We obtained the observations between UT 2016 Oct 24 and 2018 Jan 25. The first two spectra had exposure times of ∼ 160 s, while the remainder used 1200 s exposure times, achieving a SNR per resolution element of ∼ 300−560. We reduced and extracted these spectra using standard IRAF packages, and measured radial velocities using the same methodology as described above for our TRES spectra.
Spectroscopic transit with Magellan-MIKE
The spectroscopic transit of KELT J072709+072007B was observed with the Magellan Inamori Kyocera Echelle (MIKE; Bernstein et al. 2003 ) on the 6.5 m Magellan Clay telescope at Las Campanas Observatory, Chile. The series of observations was obtained on 2017 Dec 30 covering the predicted transit and out-of-transit baselines prior to ingress and after egress. The observing procedure largely follows that described in Yu et al. (2018) . We made use of the 0. 35 slit, yielding a spectral resolution of R = 80000 in the blue arm over 3200 − 5000Å, and R = 65000 in the red arm over 4900 − 10000Å. Each exposure had an integration time of 300s. Thorium-Argon arc lamp exposures were obtained every 30 minutes to provide the wavelength solution. The spectra were reduced and extracted using the Carnegie Carpy pipeline (Kelson et al. 2000; Kelson 2003) . During the transit, the companion star sequentially blocks parts of the rotating surface of the host star. The transit manifests as an indentation on the rotationally broadened line profile of the host star (Collier Cameron et al. 2010) . To reveal this Doppler shadow, we used the spectroscopic time series from MIKE to derive an LSD line profile from each spectrum (following Zhou et al. 2019 ). The mean line profile is then removed from each observation, revealing the shadow cast by the planet. The spectroscopic transit is shown in Figure 5 , from the red and blue arms independently, as well as from the combined dataset.
High Resolution Imaging Follow-Up
Keck Observatory
In order to search for any potential third stellar object in the system, or any background stars that could contaminate the photometry or spectroscopy, we observed KELT J072709+072007 with the NIRC2 imager on the Keck II Telescope, Maunakea, Hawaii, on UT 2018 Jan 4. We observed in two different modes: conventional high-contrast AO imaging, and non-redundant aperture masking interferometry (NRM; Tuthill et al. 2000; Kraus & Ireland 2012; Rizzuto et al. 2016) . We took the observations in the K filter in the vertical angle mode without dithering. In the latter mode, we introduced the nine-hole mask into the pupil plane. For all observations, we used the smallest possible pixel scale for NIRC2 (9.952 mas; Yelda et al. 2010 Yelda et al. , 2011 , and we observed two nearby calibrator stars chosen both for similarity in Gaia colours and K-band magnitude and for their proximity to KELT J072709+072007 (<10 • separation) on the sky.
For the conventional imaging observations, we took six exposures, each with 40 co-adds of 0.5 s and two Fowler samples. For the NRM observations, we resampled the telescope into a sparse interferometric array by placing a mask into the pupil plane of the telescope. This allows the use of the complex triple-product, or closure-phase observable, to remove non-common path errors produced by atmospheric condi- tions, or variable optical aberrations. We obtained eight interferograms, each with a single 20 s coadd and 64 Fowler samples. For the two calibrator stars (KELT-19 and BD+12 1601), we obtained one and three images, respectively; we also obtained eight interferograms of each, all in identical setups.
Our conventional-imaging data reduction and analysis follows the description given in Kraus et al. (2016) . We employed frame-by-frame point-spread function (PSF) subtraction using two methodologies. For faint, wide companions beyond 500 mas, we subtracted an azimuthally averaged flux profile of KELT J072709+072007. To probe closer to the inner working angle and reduce speckle noise, we subtracted a scaled, best-fitting empirical PSF produced using the calibrator star images. We created significance maps for each image by measuring flux in 40 mas apertures entered on each image pixel. These maps where then stacked (weighted by Strehl ratio) to compute a final significance map centered around KELT J072709+072007. We measure detection limits as a function of angular separation from the primary by inspecting the distribution of confidences in 5-pixel annuli. Neither KELT J072709+072007 nor the calibrator stars exhibit a statistically significant flux excess within the NIRC2 field of view; any pixel with > 6σ total confidence would have been considered a candidate companion and inspected further to confirm that it was not a residual speckle, cosmic ray, or image artifact.
Our NRM data reduction and analysis follows the procedures of Kraus et al. (2008) and Ireland (2013) . We used observations of the two calibrators to remove systematics in the closure-phase observable. We then fit the calibrated closure phases with binary source models to search for significant evidence of a companion, and we calibrated detection limits using a Monte-Carlo process of randomizing phase errors and determining the distribution of possible binary fits. As with the conventional imaging, we detected no significant sources (aside from KELT J072709+072007) in the masking data for KELT J072709+072007.
We show our derived contrast curve in Fig. 6 . Using the NRM data, we can exclude stellar companions as faint as ∆Kp ∼ 4 with separations of a few tens of mas (corresponding to projected physical separations of ∼ 20 − 40 au at the distance of KELT J072709+072007). Our conventional AO imaging, meanwhile, allows us to exclude companions with ∆Kp < 5 at 0. 15 (90 au), with limits improving to ∼ 9 magnitudes at 2. 0 (∼ 1000 au). Note that, while we would have detected a star like KELT J072709+072007B if there were one at large projected separations ( 300 au), neither high-contrast imaging method would reveal an M star at shorter separations. This highlights the difficulty of detecting binary systems like KELT J072709+072007 with high-contrast imaging.
Gaia DR2 Comoving Companion Search
As we have found that KELT J072709+072007 is young ( §3.1), with an age < 272 Myr (3σ), it is possible that it could still be associated with other stars that formed with it as part of a moving group. We used Gaia DR2 to search for potential comoving companions outside the field of view of our Keck imaging observations. There are 20,654 Gaia DR2 sources within a projected separation of 10 pc (55.9') of KELT J072709+072007. Of these, 160 have proper motions differing from those of KELT J072709+072007 by less than 1σ, and either a parallax differing by less than 1σ or distances of less than 10 pc from KELT J072709+072007. All of these comoving candidates, however, are very faint and have parallax and proper motion uncertainties of > 0.5 mas and > 0.9 mas yr −1 , respectively. We thus conclude that these are likely to be spurious matches simply due to low-quality measurements of these faint sources. Additionally, 222 of the 20,654 Gaia DR2 sources have radial velocity measurements. None of these differ from the absolute RV of KELT J072709+072007 by less than 5σ, and also have parallaxes and proper motions disagreeing by less than 5σ. We thus conclude that there is no evidence for any comoving companions to KELT J072709+072007 within 10 pc down to a magnitude difference of ∆G ∼ 12, corresponding to a candidate mass of approximately 0.17 M (using the isochrones code: Morton 2015 
ANALYSIS AND RESULTS
Global Fit Results
Modeling the KELT J072709+072007 system incorporates a series of factors not usually accounted for in traditional transiting exoplanet models. Rapidly rotating stars are oblate in shape, with a small polar radius than equatorial radius by up to ∼ 10%. This deviation from the spherical geometry induces gravity darkening in the stellar surface brightness, with the polar surface brightness being brighter and hotter than the equatorial surface brightness (von Zeipel 1924) . To account for the effects associated with a rapidly rotating primary star, our modeling follows the process laid out in Zhou et al. (2019) , and differs from standard planetary and binary stellar models in the following ways:
• We utilize a set of disk-integrated SEDs that accounts for the gravity darkening effect as viewed from different lineof-sight inclinations (I * ). The same rotating star appears cooler and fainter when viewed equator on, and hotter and brighter when viewed pole-on. At each iteration of the model fitting, we interpolate our SED grid against the tested stellar mass M1, radius R1, metallicity [Fe/H], rotational velocity v sin I * , I , parallax, and interstellar reddening E(B − V ) of the system, and compute the χ 2 difference between the interpolated SED and the observed APASS and 2MASS results.
• We account for the deformed shape of the transit, as the stellar rotation deforms the primary star into an oblate shape. For an oblate primary star, the transit duration would be longer along the equator, with projected obliquity of |λ| = 0 • , and shorter from pole to pole, with |λ| = 90 • .
• The light curve of a transit across a gravity-darkened star is dependent on the obliquity angle (Barnes 2009 ). We adopt the simultrans package (Herman et al. 2018 ) to account for the transit gravity darkening effect in our light curve modeling.
• The primary star stellar parameters are constrained by the Geneva rotational isochrones (Ekström et al. 2012) . Importantly, the stellar oblateness is inferred from the isochrone at each iteration based on the trial primary stellar mass M1, radius R1, metallicity [Fe/H], rotational velocity v sin I * , and I .
The non-negligible mass of the secondary star also induces ellipsoidal variations in the light curve. We model the out of transit phase curves using the EBOP routine (Nelson & Davis 1972; Popper & Etzel 1981) ratio S2/S1 is incorporated as a free parameter to describe the phase curve and secondary eclipse, whilst the mass of the primary and secondary stars, and the eccentricity of the orbit are also incorporated into the ellipsoidal phase curve model. We use the available discovery and multi-band followup light curves, RVs, DT measurements, Gaia DR2 parallax (Gaia Collaboration et al. 2018b ), APASS (Henden et al. 2015) and 2MASS (Skrutskie et al. 2006 ) magnitudes in our global modeling. We model the entire dataset with free parameters describing the orbital period P , transit ephemeris T0, mass of primary star M1, mass of secondary star M2, The excluded regions are shaded. The upper axis shows the corresponding projected separation, given the Gaia DR2 distance to the system. The right axis shows the approximate secondary mass corresponding to each ∆Kp value, estimated using the isochrones code (Morton 2015) . The MIST isochrones (Dotter 2016; Choi et al. 2016 ) used by isochrones only go down to 0.1 M , close to the hydrogen-burning limit below which the magnitude of an object is a strong function of its age. We therefore do not plot any tick marks below the 0.1 M level.
radius of primary star R1, line of sight inclination I , metallicity [Fe/H], parallax, and interstellar reddening E(B − V ). Parameters that largely govern the photometric transit include the inclination i, and radius ratio R2/R1. RV parameters include √ e cos ω, √ e sin ω, velocity offsets γ for each instrument, and velocity jitter parameters for each instrument. The spectroscopic transit requires the additional parameters λ, v sin I , and the velocity of the non-rotational stellar broadening component v broad ; the latter is modeled as per Gray's radial tangential function (Gray 1976) . Table 4 lists the system parameters from this analysis, while the data and best-fit models are shown in Figures 2,3  4 , 5, and 3.1. We find that KELT J072709+072007A has a mass of 3.5 M , a polar radius of 3.1 R , a slight oblateness quantified by a polar-to-equatorial radius ratio of 0.93, an effective temperature of 12, 000 K, and a luminosity of 185 L ; these parameters are consistent with a B9V spectral type (Pecaut & Mamajek 2013) .
We also find KELT J072709+072007B to have a mass of 0.25 M and a radius of 0.3 R , with a surface brightness in the TESS bandpass that is 4% of KELT J072709+072007A's. We infer that the system is young, < 272 Myr (3σ) which suggests that KELT J072709+072007B may not yet be on the Main Sequence -see Section 3.4 for a comparison to low-mass isochrones. Despite the young age, for which one would not yet expect tidal forces to produce spin-orbit alignment, we infer that the orbit of KELT J072709+072007 is aligned, with a small projected obliquity, λ = 2 • . 
Location and Motion in the Galaxy
We determine the motion of KELT J072709+072007 through the Galaxy to place it in one of the Galactic stellar populations. We adopt an absolute RV of 11.15 ± 0.13km s −1 by adding together the binary's barycentric RV (γTRES in Table 4 ), the offset between the RVs recovered from the least-squares deconvolution and cross-correlation (CCF) methods, 1.755 km s −1 , and the known offset of −0.610 km s −1 between the TRES RVs and the IAU standard scale. We list the individual relative RVs and their uncertainties in Table 3 . We calculate U, V, and W space velocities by combining the adopted absolute RV with a parallax and proper motions from Gaia DR2 (Gaia Collaboration et al. 2018a; Lindegren et al. 2018) , with the parallax corrected for the 0.0820 µas systematic offset found by Stassun & Torres (2018) . We adopt the Coşkunoǧlu et al. (2011) solar velocity with respect to the Local Standard of Rest. We note that we could have used the estimate of the distance to KELT J072709+072007 from the global analysis (see 4). However, given that the global analysis does not provide an absolute RV or a proper motion of the star, we chose to just use extrinsically-determined quantities for this analysis. We note that the GAIA DR2-derived distance differs by the fit derived by the global fit by only ∼ 0.5σ. For KELT J072709+072007, (U, V, W ) = (−3.16 ± 0.25, 8.08 ± 0.32, −0.32 ± 0.58) -all in units of km s −1where positive U points toward the Galactic Center. We find a 99.5% probability that KELT J072709+072007 belongs to the thin disk, according to Bensby et al. (2003) .
Furthermore, we find that KELT J072709+072007 is located 615 ± 30 pc away from the Sun. At b 11 • , this system has a vertical (Z) distance from the Sun of Z − Z = 120pc. Taking into account the Bovy (2017) distance of the sun above the Galactic plane of Z 30 pc as determined from giant stars, this implies a vertical distance of this star from the Galactic plane of ∼ 150 pc. This is a surprisingly To show the inferred evolution of KELT J072709+072007A, we plot a Kiel log g * − T eff diagram in Figure 8 . Given our inferred 3σ upper limit on the age, < 272Myr, KELT J072709+072007 A is likely not an evolved star. The age of KELT J072709+072007A, its Galactic space velocities, and its location on a Kiel diagram are all consistent with the inference that this system is relatively young. However, the relatively large distance of KELT J072709+072007 above the plane is somewhat surprising.
BEER Analysis of Out-of-eclipse Variations
We perform a BEER (BEaming, Ellipsoidal and Reflection/thermal variation) analysis (Faigler & Mazeh 2011) of the out-of-eclipse portions of the TESS light curve to determine if the stellar parameters inferred from these methods agree with those from our analysis in Section 3.1.
(i) Doppler Beaming: The beaming effect is analogous to RV blue-and red-shifts of stellar spectral lines due to the gravitational influences of nearby companions. This effect leads to the flux emitted along our line of sight being shifted to higher or lower energies, depending on the phase of the orbit, which produces flux variations that depend on the wavelength range being observed and the radial velocity and SED of the emitting body. In terms of the RV semiamplitude K and the speed of light c, the relative amplitude of the beaming effect is given by α beam 4K c , where α beam is an order-unity function of the star's rest-frame SED slope within the observed wavelength range weighted by the transmission curve of the corresponding bandpass (see Loeb & Gaudi 2003 , Shporer 2017 . In terms of stellar and orbital parameters, this becomes
(ii) Ellipsoidal Variations: A massive body (e.g. star or planet) can also distort the shape of its binary companion, producing ellipsoidal variations. To first order in the equilibrium-tide approximation (valid for stars with thick convective envelopes),
where, for a primary star linear limb-darkening coefficient u1 and gravity-darkening coefficient β1,
(iii) Reflected and Re-radiated Light: Finally, additional flux variations can be caused by one body reflecting or absorbing and re-radiating the incident flux from the other. The combination of these two effects is modeled as
Here, α ref = 10p 1,geo,eff , where p 1,geo,eff is the effective geometric albedo accounting for reflected light in the observed bandpass and incident flux absorbed at higher wavelengths and re-radiated in the bandpass.
Expressions for the companion star can be obtained by swapping the subscripts 1 and 2 in the above equations. These equations are similar to those in, e.g. Shporer (2017) , but modified to account for the non-negligible mass of a stellar companion.
We fit for the stellar parameters M1, R1, T eff,1 , M2, R2, T eff,2 ; the orbital inclination i; a flux normalization constant a0; and the companion-to-primary surface brightness ratio f ≡ S2/S1. We use the global fit results as starting values for these parameters (except a0, which we initialize to 1) and enforce Gaussian priors on M1, R1, T eff,1 , i, and f with widths equal to the average of the upper and lower 1σ uncertainties from the global fit.
We adopt gravity-darkening and linear limb-darkening coefficients from Claret (2017) . We use the best-fit log g * , [Fe/H], and T eff,1 to determine a linear limb-darkening coefficient of u1 = 0.295; we adopt a coefficient for the companion, u2 = 0.5, based on the log g * calculated from the global fit and assuming that 1) the companion's metallicity is the same as the primary star's metallicity and 2) the companion is cool, with T eff,2 ∼ 3200 K as inferred from the 200 Myr isochrone used in Section 3.4. We use the same input parameters to obtain the gravity darkening coefficients β1 and β2.
We assume an effective albedo of 0.5 for the companion, which is consistent with results from Ruciński (1969) for stars with convective envelopes; we adopt an albedo of 1 for the primary, assuming a radiative envelope. For the beaming calculation, we estimate the slope of the stellar SEDs across the TESS bandpass from NextGen model atmospheres (Hauschildt et al. 1999) .
In contrast to phase curve analyses of planetary companions, this analysis requires accounting for the nonnegligible mass of the companion star in the calculations of the BEER amplitudes from the primary star. We also include the companion star's BEER amplitudes: for example, the ratio of the primary's beaming amplitude to the companion's beaming amplitude scales roughly as ( M 1 M 2 ) 1−f f . Using the global fit parameters, the primary's beaming amplitude is only a factor of 2 larger than that of the companion. Figure 9 shows the phase-folded TESS light curve (with eclipses included) and the best-fit BEER model. The ellipsoidal variations are readily apparent, as noted in Section 3.1, and are well-fit by the model. The difference in model depth between the minima at the primary and secondary eclipses can be explained by the fact that the analytic prescription for the reflected light effect reaches its minimum and maximum at primary and secondary eclipse, respectively.
We find a combined beaming amplitude of 120±9 partsper-million (ppm). We do not constrain the effective temperature of KELT J072709+072007B from the beaming effect, finding an extremely hot (but not statistically significant) T eff,2 = 19000 ± 12000 K. For comparison, KELT J072709+072007B's brightness temperature and the equilibrium temperature at KELT J072709+072007B's distance 
Relative Flux
TESS LC BEER Model Figure 9 . TESS light curve with transits and secondary eclipses masked out (blue points) and best-fit BEER model (orange line).
Both are phase-folded to the best-fit ephemeris from Table 4 in Section 3.1.
from KELT J072709+072007A (assuming zero albedo for KELT J072709+072007B) are both ∼ 4200 K. We measure reflection/thermal and ellipsoidal variation amplitudes of 184 ± 13 and 581 ± 13 ppm, respectively. Both KELT J072709+072007B's inferred mass, M2 = 0.21 ± 0.02 M , and radius, R2 = 0.29 ± 0.01 R , are consistent with the global fit radius results to within the uncertainties on each.
We leave a more detailed study of the analytic BEER formulae and their application to binaries like KELT J072709+072007 to future work; while these results agree with the global fit values, there are potential sources of inaccuracy in the prescriptions as-written when applied to this system; these include the fact that the ellipsoidal variation description assumes a strong equilibrium tide, which is weak in hot stars with radiative envelopes (Zahn 1977) and the uncertainty in stellar albedos (e.g. Ruciński 1969; Rucinski 1989) , which have not been studied in detail in decades despite their potential significance in back-scattering of stellar flux from an exoplanet companion.
Comparison to Low-mass Stellar Isochrones
In Section 3.1, we infer a companion mass that is consistent with a fully convective M star. Here, we determine whether the M star's radius is "inflated" (i.e. larger than the modelpredicted radius) for its inferred mass. Low-mass stellar evolutionary models predict radii and effective temperatures that are 5 − 15% smaller and hotter, respectively, than observed values (see, e.g., Torres et al. 2010; Kraus et al. 2011; Birkby et al. 2012; Mann et al. 2015) . These discrepancies appear to be larger for fully convective M dwarfs and smaller for partially convective M dwarfs (Han et al. 2017) , but this trend does not hold for every system (e.g. Han et al. 2019 ). These effects are seen even in young, pre-main sequence M stars, such as USco 5 (Kraus et al. 2015) . Moreover, robust determination of these discrepancies is hindered in part by inaccurate or imprecise measurements of the stellar param-eters (see, e.g., Healy et al. 2019 , whose updated masses for NSVS 07394765, from high-resolution spectroscopy, reduce the "hyperinflation" seen byÇakırlı 2013) or derived from heterogeneous analysis and observational methods (see Torres 2013 for a discussion on these issues).
In Figure 10 , we plot the ratio of observed radii to model-predicted radii for M-M double-lined eclipsing binaries (DLEBs) in the literature. We plot the same for KELT J072709+072007B, using the radii from both the global and the BEER analysis and comparing to masses and radii from a 200 Myr Baraffe et al. (2015) isochrone, which is close to the age upper limit inferred for KELT J072709+072007A from the global fit. We find that the global-fit radius is 14 ± 6% larger than the 200 Myr isochrone would predict, while the BEER radius is 33±10% larger -just barely significant at ∼ 3σ. The magnitude of the radius inflation would decrease if the age is younger than 200Myr. Despite the large mass uncertainty (8%) on the global analysis value, the precision we achieve on the radius inflation for KELT J072709+072007B is comparable to the achieved precision for all but the best-characterized DLEB M dwarfs.
To determine if the radius inflation seen in Figure 10 could be an effect of stellar evolution, we compare KELT J072709+072007B's mass and radius from the global fit and BEER analyses to isochrones spanning 80 Myr to 10 Gyr from Baraffe et al. (2015) . As shown in Figure 11 , KELT J072709+072007B sits above the ≥ 200 Myr isochrones and is consistent with the values from the 80 Myr isochrone, in agreement with the 3σ age upper limit inferred from the global fit (< 272Myr). KELT J072709+072007B also sits above the 10 Gyr isochrone, but since the age of the Universe is approximately 14 Gyr, we can rule out KELT J072709+072007B being an exceptionally old, evolved star.
It is possible that the radius discrepancy is the result of an accretion history that is not well-represented by these evolutionary models. Baraffe et al. (2017) showed that episodic accretion models can produce a spread in luminosity at a given temperature and age, which would correspond to a spread in radius. These models attempt to explain the spread seen in FU Orionis stars and are limited to ages below 50 Myr, so it is unclear what effect KELT J072709+072007B's accretion history -and how it may deviate from the accretion history of a similar, single star due to the presence of KELT J072709+072007B -has on the inferred stellar parameters.
We note that we are, in effect, comparing the predictions of stellar evolutionary models (specifically, the Geneva isochrones as applied to KELT J072709+072007A, which indirectly constrain KELT J072709+072007B's parameters) to predictions of other stellar evolutionary models (the Baraffe isochrones). As the Geneva models are tailored to hot, massive, rapidly rotating stars, while the Baraffe models are intended for cool, low-mass stars, we can get a sense of the relative accuracy of these models. Without a model-independent determination of KELT J072709+072007's physical properties, however, we cannot evaluate the absolute accuracy of these models.
Finally, Figure 12 shows that our 3σ upper limit on the system age is consistent with KELT J072709+072007B being a pre-main sequence star, barely excluding the main sequence. From this evolutionary track, KELT J072709+072007B would reach the main sequence at an approximate age of 300 Myr, which is about when KELT J072709+072007A would cease burning hydrogen in its core.
DISCUSSION
Low-mass Companions to Intermediate-mass Stars
We report the discovery and analysis of the very low mass ratio, q ≡ M2/M1 = 0.08, binary KELT J072709+072007. Such close-in, low-mass companions to intermediate-mass stars are rare. De Rosa et al. (2014) found that, for binaries with an A-star primary and relatively small projected separations (between 30 and 125 au), the mass ratio distribution is nearly flat; however, only 18 binaries fell within this projected separation range, and the sample was lim- Figure  11 . Stellar radius versus mass for KELT J072709+072007B as inferred from the global fit (blue circle) and the BEER analysis (red square) and compared to Baraffe et al. (2015) isochrones over a range of ages. Both analyses' results lie above the 200Myr isochrone (black dotted line), in agreement with the 3σ age upper limit we inferred in 3.1.
ited to q 0.15. Moe & Di Stefano (2017) examined binaries with q ≥ 0.1 and found that binaries with B-type primaries and periods less than 20 days prefer a mass ratio q ≈ 0.5, with low eccentricities, e 0.4; similarly, Gullikson et al. (2016) find a mass ratio distribution that peaks at q ≈ 0.3 for binaries with A-or B-type primaries. However, their sample does not probe separations as short or mass ratios as small as those of KELT J072709+072007. As such, it is difficult to measure the shape of the low mass-ratio end of the distribution. Figure 12 . Age versus stellar radius for KELT J072709+072007B (orange point; 3σ age upper limit) and a Baraffe et al. (2015) evolutionary track for a 0.3 M star. The width of the orange bar denotes the range between the upper and lower 1σ radius uncertainties. The main sequence is shown as the nearly-vertical portion of the evolutionary track.
yond the scope of the present work, a comprehensive survey using these facilities could provide the first solid constraints on the mass ratio distribution for such binaries. Systems such as KELT J072709+072007 can provide unique insights into binary star formation processes. Most binaries are thought to form via core fragmentation (e.g. Boss & Bodenheimer 1979; Boss 1986; Bate et al. 1995) , but some might form through disk fragmentation (Kratter & Matzner 2006; Stamatellos et al. 2011; Mercer & Stamatellos 2017) . Such fragmentation is expected to occur at larger separations of 50-200 au from the primary. In either scenario, KELT J072709+072007B would likely have migrated in to its present-day orbit; if it migrated during KELT J072709+072007A's pre-main sequence phase, we might expect KELT J072709+072007B to have accreted disk material along the way and have a mass that is more similar to KELT J072709+072007A. Dynamical interactions with a tertiary star (such as the Lidov-Kozai mechanism; Lidov 1962; Kozai 1962) could also produce a short present-day binary separation (Moe & Di Stefano 2017), but we see no evidence for a tertiary in the system. Alternatively, Meyer et al. (2018) have shown that it may be possible for a gaseous clump to migrate to within 10 au of the primary protostar and form a low-mass stellar companion.
Finally, we note that the radius, stellar inclination, and projected rotational velocity of KELT J072709+072007A that we infer from our global analysis implies a rotation period of approximately 0.8 days. Some studies of F-M binaries (e.g. Fernandez et al. 2009; Chaturvedi et al. 2018 ) assume tidal synchronization of the primary star to obtain the M dwarf's mass and radius in a "model-independent" way. As the extreme example of KELT J072709+072007 shows and as Fernandez et al. (2009) found for one of their F-M EBs, this assumption may not hold for stars that experience inefficient tidal braking due to the absence of a substantial convective envelope, and caution must be exercised when applying this assumption to main-sequence stars above the Kraft break at T eff ≈ 6250 K.
CONCLUSIONS
We report the discovery of an eclipsing binary, KELT J072709+072007, with an extreme mass ratio of q = 0.08. We characterized KELT J072709+072007 by jointly analyzing the TESS phase curve, ground-based photometric and spectroscopic transits, RVs, the SED, and the Geneva isochrones. Our inferred parameters are consistent with a young EB consisting of a late-B dwarf primary star and a pre-main sequence M star companion. For its inferred mass, the M star's radius is larger than the value predicted by a pre-main sequence isochrone of similar age by 14 ± 6% (2.3σ); the large mass uncertainties limit the significance of this discrepancy.
We also performed a separate analysis of out-of-eclipse TESS data, fitting for Doppler beaming (Loeb & Gaudi 2003) , reflection, and ellipsoidal variation (BEER) effects. The results agree with those from the global analysis, and the radius inferred here for KELT J072709+072007B is significantly inflated by 33 ± 10% (3.3σ) relative to the isochrone-predicted value. However, we are unable to constrain KELT J072709+072007B's effective temperature from the beaming effect. Given the known inaccuracies in the parameters (specifically, masses) inferred from BEER analyses of other systems and uncertainties in applying these formulae to an EB whose primary star is oblate and has a thin convective envelope, we suspect that the BEER formulae as given in Faigler & Mazeh (2011) and Shporer (2017) and adapted in this work may not be appropriate for this system. However, we note that one should not generalize this conclusion: the BEER formulae have been shown to produce accurate results in some systems, as for the WASP-18 system (Shporer et al. 2019) .
Our discovery of KELT J072709+072007 emphasizes the sensitivity of KELT and other hot-star transit surveys to close-in, cool stellar companions orbiting intermediate-mass stars. These transit surveys can thus improve the census of companions to intermediate-mass stars -both by pushing to lower mass and flux ratios and shorter orbital separations and by observing eclipses that, along with RVs and other complementary datasets, enable comprehensive characterizations of these systems. Binaries such as KELT J072709+072007-an extreme example of an EMRB in which both stars are themselves at extreme ends of parameter space -provide strong tests our understanding of EMRB formation, evolution, and characterization.
